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Silver nanoparticles: known and unknown facts
in a review of properties, mechanisms of action,
and medical applications
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Abstract. Relevance. The review focuses on the current state of the art in the use of nano-objects in medicine and pharmacy.
The relevance of this topic stems from the unique properties of nanomaterials, which exhibit various size-dependent properties
in the range of 1-100 nm, where quantum phenomena come into play. The aim of this work is to outline the main strategies of
modern science for the development and successful stabilization of nanoparticles intended for both the diagnosis and treatment
of pathological diseases. Nanostructured heterogeneous matrices containing highly dispersed particles with sizes corresponding
to the de Broglie wavelength open up promising opportunities for their use in various scientific and clinical studies. The diversity
of the nature, morphology, sizes, and properties of nanoparticles used in medicine for the diagnosis and treatment of diseases
of bacterial, viral, and malignant neoplasm stimulates interest in particles exhibiting quantum size effects (QZE). The QZE of
nanoobjects are characterized by unique optical and magnetic properties that differ from the properties of physical structures in
which particles are larger than 100 nm. Fluorophores based on quantum heterogeneous structures are actively used in medicine
and biology, for example, in systems for labelling and visualizing biological data, including in the detection and control of tumor
cells. Conclusion. This review describes modern approaches to the synthesis and functionalization of nanoparticles based on
top-down and bottom-up principles, as well as the potential mechanisms of action of nanoparticles depending on their morphology,
size, and ionic (atomic) form. The unique physicochemical properties of nanoparticles, which are due to quantum size effects,
are discussed. The article describes various forms of nanoparticles, mechanisms of action, molecular targets, as well as methods
of synthesis and application. These aspects are crucial for understanding the role of nanoparticles in combating infections and
developing new therapeutic approaches, ensuring their continued relevance in modern science and medicine.

Keywords: silver nanoparticles, biocidal properties, antimicrobial surfaces, quantum size effect, oligodynamic effect,
green chemistry
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Introduction

For a long time, silver and its compounds
have been widely used in various fields of human
activity, including medicine and everyday life, due
to their pronounced biocidal properties due to the
high reactivity of the metal [1]. The use of silver for
the treatment of various diseases or to prevent the
transmission of infection dates back to 4,000 years
BC. In the manuscripts, there were mentions of
a dangerous biogenic agent that threatens human
health in enclosed spaces — mold associated with
the so-called “leprosy” [2]. This disease served
as a generalized term for a group of infectious
dermatological diseases caused by bacteria or fungal
spores, which were treated with metals and their
derivatives. Silver and its compounds have been used
to fight various microorganisms since the time of
ancient civilizations. For example, the ancient Greeks
and Egyptians used silver vessels to store drinking
water and other liquids, which significantly reduced
the risk of infection. In the Middle Ages, the well-
to-do sections of the population ate from silverware,
which is believed to have prevented the reproduction
of pathogenic microbes. According to some theories,
such dishes could protect nobles from the devastating
effects of the bubonic plague pandemic [3].

The active introduction of silver compounds
into medical practice began with the use of silver
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nitrate, which was originally used as a solid mass,
known as "lapis lazuli" (from lat. lapis — stone and
lazur — blue): mineral from the class of silicates
with a framework structure of crystal grid, chemical
composition Ca,Na [AlSiO,] [SO,I[S,]. Silver nitrate
was used throughout the 1800s to treat burns, ulcers,
and infected wounds [4]. The use of silver, according
to official European pharmaceutical practice, dates
back to 1881 with the experience of the German
obstetrician-gynecologist Karl Kred, who proposed
a method for the prevention and treatment of neonatal
inclusion blennorrhea in newborns by instilling 1-2%
silver nitrate solution into the eyes [5]. Since the
beginning of the 19th century, silver nitrate solutions
have become even more widespread in medicine:
at the beginning of the 19th century, a dosage form
was proposed that included a 3.4% solution of silver
nitrate with the addition of linseed oil, which was
used to treat pathologies associated with excessive
overgrowth of connective tissues due to inflammation.
This formulation has proven itself to be the standard
for preoperative preparation, although its use declined
after World War II and the advent of antibiotics. This
discovery stimulated doctors, especially surgeons, to
search for new effective ways to use silver nitrate. One
of the key areas was the treatment of wound injuries and
related infectious complications. Biochemist Charles
Lewis Fox (USA) revived the use of silver compounds
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by developing in 1966 an ointment composition based
on a sulfonamide agent, sulfadiazine 1% in combination
with silver (Sulfarginum or Sulfadiazine Silver
C,,H,AgN,0,S) [6, 7] (Figure 1).

A+
QN”

H-N
4-amino-N-pyrimidin-2-yl-benzenesulfonamide silver salt

Figure 1. Structure of sulfadiazine silver solt (lactam form)

Therefore, in addition to the biological properties
of API, the clinical effect also depends on the method
of administration, which is achieved by creating the
appropriate form of the drug. Despite the apparent
biocidal effect of the use of silver compounds, the
description of the mechanisms of biological activity
was first announced in the 1890s with the introduction
of the term “oligodynamic effect”, thanks to the
work of Swiss-German scientist Carl Wilhelm von
Negeli [8]. This means the toxic (from greek oligos —
small, dynamis — force, “acting in small doses™)
effect of metal ions (Ag*, Cu*?, Au*®) on prokaryotes
and eukaryotes in relatively small amounts [9].
Later, when using radiolabeled sulfadiazine, it was
shown that silver in the form of nitrates and salts
with sulfadiazine forms a complex with DNA in vitro
and has the highest degree of bacterial binding. The
interaction between silver and DNA can be described
as a process: there is a weak, reversible intercalative
interaction between DNA and the sulfadiazine moiety,
during which sodium sulfadiazine competes with Ag
for binding to DNA and then a stronger, tightly bound
complex is formed that involves coordination of the
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silver atom [10]. Additional studies have shown that
resistant bacteria are those that are unable to bind
Ag+ ions more strongly to release AgCl [11]. The
antimicrobial activity of silver is based on the ability
of Ag® ions to penetrate bacterial cell walls through
pinocytosis, which leads to increased cellular oxidative
stress followed by protein denaturation and growth
inhibition [12]. Ionic silver also has the ability to
bind to the microbial genome (DNA or RNA), which
inhibits the replication of nucleic acids and prevents
the reproduction of microorganisms.

At the beginning of the 20th century, innovative
forms appeared in clinical practice, such as silver
foil with silver nanoparticles (AgNPs), which proved
their effectiveness in the treatment of burns and
wound defects, including skin grafts. The use of
silver foil not only reduced pain in patients, but also
demonstrated pronounced bactericidal properties,
which accelerated healing processes by stimulating
the formation of granulation tissue. The emergence
of new medical applications for silver is associated
with the development of its unique forms, such as
nanoparticles (AgNPs), and their integration into
various materials, such as polymers and biocompatible
matrices. One of the most important advantages of
antimicrobial coatings is their ability to continuously
disinfect a surface as long as it remains undamaged.
Although this does not eliminate the need for regular
sanitary measures, such coatings provide additional
protection between hygiene procedures. For example,
it has been found that pre-treated silver surfaces are
able to effectively destroy fungi, mold and bacteria
even after ten years of continuous use both at home
and in medical institutions. Table 1 shows the forms
and compounds of silver [13].

A surge of publications on nanoparticles, formed
dispersions, and medical applications can be traced
in international databases since 1995 [14]. During
this period, the first publications appeared in the
Russian-language scientific literature, including
patents for inventions of methods for the treatment
of purulent wounds using a pharmaceutical substance
based on silver (d~nm) nanoparticles stabilized with
polyvinylpyrrolidone (PVP) — poviargolum (Figure 2).
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Table 1
Properties of silver atoms, ions and compounds
Form (ionic/neutral) Electronic formula
- Compounds
of silver (outer energy levels)
Ag° d'os’ Ag nanodispersions
Ag dr Ag,0, [Ag(OH),I, [Ag(H,0),I*, AgF, AgCl, AgNO,, Ag,SO,, Ag,S, Ag(CN),
Ag? d° AgF,, [Ag(C,H,N),I*, AgSO,
Ag* ds [AgF |-, [AgF J*-, rare
H, H
Cc -C
| |n
0
N * Q=) Ag
5'\0\
G,
SRR AN

Figure 2. Binding of polyvinylpyrrolidone (PVP) with Ag nanoparticles

The synergistic effect of silver and PVP is directed
against Gram-positive bacteria: K. pneumoniae,
P. aeruginosa and A. baumannii, resistant to
carbapenems, aminoglycosides, polymyxins and
tigecycline [15].

Structure and properties
of silver nanoparticles

Silver nanoparticles (AgNPs) stand out among
metallic nanoparticles for their unique physicochemical

PHARMACOLOGY

properties and biological effects, which makes
them the subject of close study in the field of
nanobiotechnology [16]. AgNPs particles exhibit various
size-dependent properties in the range of 1-100 nm,
where quantum phenomena are involved. A decrease
in the size of nanoparticles contributes to a more
pronounced manifestation of the quantum size effects
(QZE), which manifests itself in the quantization of
the energy of the excited state of charge carriers — the
electron gas in the nanoparticle system and in the shift of
the conduction band upward in energy levels (Figure 3).
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Figure 3. Discreteness of electron energy

The transition of an electron from one stationary
state (E,) to another (E,) is accompanied by the emission
of a quantum of light with a frequency:

v=AE/h, (@)
where AE is the energy difference between the initial and
final states of the electron, and h is Planck's constant.

The quantum structures of the material are
characterized by unique optical and magnetic
properties that differ from those of physical structures
in which particles have a size exceeding the de Broglie
wavelength (macroscopic bodies). Fluorophores based
on quantum heterostructures are actively used in
medicine and biology, for example, in tagging and
imaging systems for biological objects, including in
the detection and control of tumor cells [17]. These
properties are significantly influenced by factors
such as surface area, surface charge, morphological
diversity (for example, rods, triangles, color-like
structures, spheres), as well as size variations from
1 to 100 nm. For example, spherical AgNPs with
smaller dimensions (d~1-20 nm) exhibit excellent
antibacterial activity due to their increased reactivity.
In contrast, larger spherical particles or particles
with similar sizes but different shapes, such as
triangular nanoparticles with sharp edges, exhibit
different efficiencies, with triangular shapes often
outperforming spherical ones due to their reactive
edge structures (Figure 4).

Figure 4. Different shapes of Ag nanoparticles depending on size:
(a) sphere, (b) a nanocubes, (c) pyramids, (d) prisms, (e) flower, (f) ellipse [21]
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The stated differences in the antibacterial
effectiveness of nanoobjects can be explained by
the anisotropic shape of some silver nanoparticles,
which differ in the dense arrangement of atoms
on the surface, which enhances the effect on
their surface, enhancing the biocidal effect [18].
Experimental data show that quasi-spherical AgNPs
(~20 nm in diameter) and spherical particles with
a smaller diameter (~9 nm) exhibit pronounced
antimicrobial effects. In addition, AgNPs synthesized
in a phosphate-salt buffer in the size range of 5-20 nm
exhibit significant antiviral activity [19]. Thus, the
functional versatility of AgNPs in medicine is closely
related to their size, shape, and surface morphology.
This diversity highlights the need for ongoing
research to optimize their design and application in
this dynamic field of research [20].

The growth of nanoparticles during solution-phase
synthesis proceeds in stages: nucleation — seeding —
growth. One can control the shape of the synthesized
nanoparticles by tuning the thermodynamics and
kinetics at each stage of their solution-phase synthesis
[21]. Thus, the shape and size of the resulting silver
nanoparticles depend on experimental conditions such
as: synthesis temperature, concentration of the starting
materials and stabilizer, pH of the solution, as well as
the approach used (“bottom-up” or “top-down”).

Mechanism of action and targets

Silver nanoparticles (AgNPs) exhibit exceptional
quantum dimensional properties due to their
pronounced surface area, ability to interact with
microbial biomolecules, penetrate cells, generate
reactive oxygen species (ROS) and free radicals, and
interact with microbial signaling molecules [22, 23].
Modification of the surface of AgNPs can enhance
their oligodynamic effects (in small doses), improving
stability and physico-chemical characteristics. Metallic
silver ions become biologically active as a result of
reduction under the action of oxidizing agents — sodium
citrate, glucose, etc. [24]. The restored form binds to
the membranes of bacterial cells, causing structural
damage and morphological changes. Unlike other metal

PHARMACOLOGY

nanoparticles, AgNPs minimize toxic effects. The
authors [25] cite research results confirming significant
changes in antibiotic sensitivity and the ability to form
bacteria biofilms (multicellular-like behaviors or forms)
observed during prolonged exposure of pathogens
causing diseases of the genitourinary system to
combinations of chemotherapeutic antibacterial agents
and AgNPs.

For example, copper nanoparticles (CuNPs) exhibit
a more pronounced antibacterial effect, but their cellular
toxicity limits their practical use. Particles CuNPs
destroy bacterial membranes and interfere with electron
transfer during photocatalysis, but their harsh effect
contrasts with the balanced effectiveness of silver. The
paper [26] presents the results of a study of the wound-
healing activity of methylcellulose-based ointments
with different concentrations of copper nanoparticles
measuring 103 nm (71% crystalline copper). It was
found that an ointment containing copper nanoparticles
at a concentration of 0.002% achieves the optimal effect
on wound healing.

The proposed mechanisms of action of
AgNPs include adhesion to cell walls/membranes,
intracellular penetration; disruption of organelles
and induction of oxidative stress and modulation of
signaling pathways (Figure 5).

Silver nanoparticles are able to firmly attach and
accumulate on the surface of gram-negative bacterial
cells, as well as penetrate into microbial cells through
pores, which are water-filled channels located in the
outer membrane of gram-negative bacteria [28]. Porins
play a key role in the passive movement of hydrophilic
molecules of various sizes and charges through the
membrane. On the contrary, the thicker cell wall of
Gram-positive bacteria can prevent the penetration of
silver ions into the cytoplasm [29]. Lipopolysaccharides
present in the cell walls of gram-negative bacteria
probably help maintain their structural integrity, but
also make them more vulnerable to silver nanoparticles.
The negative charge of lipopolysaccharides further
promotes the adhesion of nanoparticles. Some studies
show that silver nanoparticles can adhere to the surface
of bacteria, altering the properties of membranes and
potentially causing damage to bacterial DNA [30].
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A. Adhesion to the cell
membrane

B. Penetration inside
the cell & nucleus

Mitochondria

toxicity

C. ROS generation & cellular

D. Genotoxicity

Figure 5. Ways of biocidal action of AgNPs: (A) alters membrane structure & permeability, leakage of cellular content & ATR,
(B) destabilize and denature proteins, interact with DNA, (C) oxidize proteins & lipids, mitochondrial dysfunction,
ribosome destabilization, (D) DNA base damages, inhibition of replication and transcription [27]

Since the attachment of bacteria to the surface is the
first step in the development of biofilms (polycellular
forms), silver nanoparticles binding to the cell surface
can hinder this process. This aspect is of great practical
importance in the fight against pathogens, indicating that
silver nanoparticles can be useful not only for preventing
infections, but also for combating antibiotic-resistant
strains [31, 32].

Synthesis methods

To obtain nanoparticles with the claimed properties,
a carefully controlled synthesis process is necessary.
Since the advent of nanotechnology, many methods of
producing silver nanoparticles have been developed.
In general, these approaches are divided into two main
categories: “top-down” and “bottom-up” (Figure 6).

The top-down method involves crushing massive
materials into metal nanoparticles using various physical
methods such as mechanical crushing, grinding, as
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well as electrical methods such as electric discharge
and laser ablation. Thermal methods, including vapor
condensation, also play an important role. Physical
methods usually produce nanoparticles of high purity
and uniform size. Although such processes do not
require potentially dangerous chemicals or stabilizers,
they require complex and expensive equipment, as well
as significant energy consumption.

In contrast, the bottom-up method is based on the
assembly of nanoparticles from molecular building
blocks through the processes of growth and nucleation.
Chemical and biological synthesis are widely used in
this approach. Chemical synthesis can be accelerated
and optimized using various energy sources — visible
or ultraviolet light, electricity, microwaves, or
ultrasound — which makes it possible to quickly obtain
nanoparticles of various shapes [34]. However, chemical
synthesis can be accompanied by risks associated with
toxic by-products, which limits its use for medical and
pharmaceutical purposes.
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Nanoparticle production technology

_
top-down bottom-up
physical chemical biological
synthesis synthesis svnthesis
' deposition . . microemulsion . l microbiological
. ablation . electrochemical . . enzymes .
. arc discharge . . plants .
chemical reduction
. spark discharge reduction reactions

Figure 6. The main approaches to obtaining nanoparticles [33]

Biological synthesis is attracting increasing
attention due to its environmental safety and
sustainability. It uses biologically active compounds
such as alcohols, flavonoids, and phenolic compounds
as reducing agents [35].

Traditional methods of nanoparticle synthesis
can be expensive and pose risks to human health and
the environment. To overcome these disadvantages,
researchers are actively exploring so-called “green”
methods using natural materials and their derivatives.
Biological synthesis can be divided into methods using
fungi, yeasts (eukaryotes), bacteria, and actinomycetes
(prokaryotes), as well as approaches based on plants,
plant extracts, and even viruses as templates [36, 37].

The chemical synthesis of silver nanoparticles
consists in the reduction of silver salts in water or
organic solvents. This process is based on three key
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components: reducing agents, metal precursors, and
stabilizing or coating organic polymers. The choice of
reducing agents and coatings is extremely important,
since they can significantly affect the physico-chemical
properties of the released nanoparticles [38, 39]. Despite
these disadvantages, chemical methods provide high
yield, excellent reproducibility, and lower cost compared
to physical methods.

Physical synthesis, as a top-down method, uses
physical effects such as electromagnetic radiation,
plasma, and thermal effects. This method allows
nanoparticles to be evenly distributed on thin films
without contamination with solvents [40]. Vapor
condensation and laser ablation are among the
most common physico-chemical methods. Vapor
condensation is a two — stage process involving
evaporation and condensation in a specialized tubular
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furnace at normal atmospheric pressure; the size of the
resulting nanoparticles varies from 3 to 50 nm [41].
However, physical synthesis is energy-intensive and
time-consuming, which can lead to an increase in
ambient temperature.

Nanodispersions from 10 to 30 nm with a given
morphology and properties can be obtained by laser
ablation in a liquid using an environmentally friendly
and affordable approach [42].

The choice of a method for synthesizing silver
nanoparticles is a critically important decision that
depends on the required characteristics of the final
product and its field of application. Each top-down
or bottom-up approach has its advantages and
limitations, which requires careful analysis in terms
of environmental safety, economic efficiency, and
technological feasibility.

The latest application

More and more studies indicate the occurrence
and stable retention of pathogens (bacteria d>5 mcm,
viruses d~20-200 nm, protein infectious particles
of prions d<5 nm, fungi, yeast and protozoa
d>200 mcm) in patient care in clinical settings,
which can cause infection of hospital patients
and cross-contamination. The infections between
them are nosocomial infections [43]. Widespread
disinfectants alone can stimulate the development
of resistance. For example, quaternary ammonium
compounds (QACs) have long been considered an
effective class of disinfectants that are immune to
bacterial resistance. However, methicillin-resistant
staphylococcus aureus (MRSA) isolates show an
increase of about 30% in their resistance genes.
Disinfection of rooms by exposure to high-intensity
UV light can be effective in destroying most
microorganisms. However, this measure requires
the complete emptying of the room by both staff and
patients during the process in accordance with safety
requirements [44]. As a result, the development of
new materials with surface antimicrobial properties
based on metallic silver nanoparticles is extremely
promising for medical applications.
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Silver has been used in medicine for many decades,
and its antimicrobial activity is recognized as one of
the first effective disinfection technologies [45]. Silver
nanoparticles are widely used in dressings — numerous
studies confirm that they significantly accelerate wound
healing and at the same time prevent the development of
bacterial infections. As already noted, the ability to bind
to various molecular targets in microbial cells provides
silver nanoparticles with a prolonged antibacterial effect.
For example, AgNPs incorporated into the bacterial
cellulose matrix exhibit pronounced bactericidal activity
against gram-negative bacteria such as Escherichia
coli, while not having a toxic effect on epidermal cells,
which makes them ideal for medical use [46].

In modern experimental medicine, the possibility
of synergetic use of silver nanoparticles as powerful
antibacterial agents in combination with various
antibiotics is actively being investigated [47]. However,
it is worth noting that this synergy is not observed for
all classes of antibiotics, which requires further study
of the mechanisms of their interaction.

Despite all the attractive advantages of silver-
based drugs for medicine, it should be remembered
their possible toxic effects and contraindications to
use. Considered [48], that the toxicity of silver is a rare
diagnosis, usually manifested by skin manifestations
in the form of argiria disease (greek. &pyvpog silver).
Long-term deposition of silver compounds (silver dust,
colloidal silver or silver nanoparticles) in a dose of 70 to
1500 mg Ag/kg body weight leads to irreversible strong
skin pigmentation. An in vivo study using radiolabelled
silver showed the onset of accumulation effect 2—8 hours
after exposure, with a half-life period of 2 weeks. Oral
absorption through the gastrointestinal tract may vary
depending on other food components that potentially
affect the bioavailability of silver; absorption is up to
10% [49]. Metal silver presents minimal health risk —
according to the American Conference of Governmental
Industrial Hygienists (ACGIH), the threshold limit
for metallic silver is 0.1 mg/m?, while soluble silver
compounds — an order of magnitude less than 0.01 mg/
m?. A single lethal dose of silver nitrate is estimated
to be about 10 g, an intravenous dose of about 50 mg
of silver causes necrosis of bone marrow, kidneys
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and liver, bleeding and swelling of the lungs [50, 51].
However, such cases are known only among suicidal
or other preventive actions.

In addition to medical purposes, silver nanoparticles
are used as effective heterogeneous catalysts that are
actively used to reduce halogenated organic pollutants.
Their unique catalytic properties also enhance the
bleaching ability of organic dyes. Tubular silver
nanoparticles have high catalytic activity, which expands
their use as effective catalysts for the tasks of green
chemistry and environmental restoration [52—54]. The
particles AgNPs are widely used not only in medicine,
but also in other scientific fields due to their unique
physico-chemical properties — high conductivity and
photocatalytic activity. One of the key areas of their
use is electronics, where AgNPs are used as conductive
materials to create innovative flexible electronics,
sensors and solar panels, opening up new opportunities
for energy-saving technologies.

Conclusion

The metal and oxide nanoparticles have proven
to be an original potential approach for applications in
a wide variety of fields, from medicine to physics and
chemistry. This was made possible by their pronounced
antimicrobial properties and high biocompatibility.
Silver, known to mankind for centuries, has become
an important element in various fields of culture and
medicine, primarily due to its ability to effectively resist
microorganisms. Numerous studies confirm that silver
nanoparticles significantly accelerate wound healing
and prevent bacterial infection due to the high reactivity
of the surface and the ability to interact with cellular
structures of pathogens. The introduction of silver
nanoparticles into medical devices and technologies
is a breakthrough area that requires special attention and
further study. The combination of silver nanoparticles
with traditional antibiotics opens up new horizons in
the treatment of infectious diseases, although additional
research is needed to optimize such synergistic
interactions. Given the growing interest from the
scientific community and industry, silver nanoparticles
remain an important research object, confirming their

PHARMACOLOGY

significant potential for developing effective solutions
that promote sustainable development in a wide variety
of industries.
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CepebpsiHble HAHOYACTULLbI: U3BECTHbIE U HeU3BeCTHbIe GaKTbl
B 0630pe CBOMCTB, MEXaHU3MOB AeiNCTBUSA
U NPUMEHEeHus B MeguLuHe

J.B. AHTOHOB =

, O.B.JIeBunikas ~, E.B. YcneHcKast

Poccuiickuii yHuBepcuTeT [py>k0bl HapofioB, . Mockea, Pocculickas Pedepayus
< Uspenskaya-ev@rudn.ru

AnHoTanua. AkmyanbHocmb. O630p TIOCBSAILEH COBPeMEHHOMY COCTOSIHHIO /ieJT B 006/1aCTH UCIO/TB30BaHUsl HAHOOOBEKTOB
B MefuIuHe U ¢apMalun. AKTyaJbHOCTb 3TOU TeMbl 00yC/IOB/IeHa YHUKAIBHBIMUA CBOMCTBaMUA HAHOMaTeprasioB, KOTOPbIe
JIleMOHCTPHPYIOT pa3/IMuHble pa3MepHbIe 3aBUCUMOCTH B fiuarna3oHe 1-100 HM, I7je BCTYIalOT B UTPY KBaHTOBbIe siBjieHust. []enb
JIAHHOU paboThl — 0003HAYNTH OCHOBHbBIE CTPATErMK COBPEMEHHOM HayKH M0 pa3paboTke U yCIenHou cTabuimM3alyl HaHoua-
CTHII, NTpe/iHa3HaYeHHBIX KaK /s JUarHOCTUKH, TaK U [|Isl JIeUeHHsI TaTo/Iornueckux 3aboneBanuid. HaHOCTPYKTypUpOBHAHbIE
reTeporeHHble MaTpHIIbl, COZieprKallliie BEICOKOMCIIEPCHBIE YACTHL[BI C Pa3MePOM, COOTBETCTBYIOILMM J/IMHE BOJHEI /e Bpoiins,
OTKPBIBAIOT MHOTO00EILaroIIie BO3MOXHOCTH [|JIsl KX UCIIO/Ib30BAHUS B PAa3/IMUHBIX He TOJIBKO B HAYYHBIX, HO K/THHHUYE CKIX
vccefoBaHusIX. PasHoobpasre nmpupo/el, MOPGOIOriU, pa3MePOB U CBOWCTB HAHOYACTHL], TPUMEHsIeMbIX B MeIULMHE 151
[IWarHOCTHUKH U Tepanuu 3aboeBaHuii OaKTepranibHON, BUDYCHOM U 3/10KaueCTBeHHOM 3THONIOTHH, CTUMY/IHUPYeT UHTepec
K YaCTHLaM, TIPOSIBIISTFOLLIM KBaHTOBO-pa3MepHbIi 3¢ dekT. KBaHTOBBIE CTPYKTYpbl HAHOOOBEKTOB XapaKTePHU3YFOTCS YHUKA/Tb-
HBIMU ONTHYeCKUMH Y MarHUTHBIMUA CBOWCTBAMH, OT/IMUHBIMH OT CBOMCTB (M3UUECKUX CTPYKTYP, B KOTOPBIX YaCTULBI UMEFOT
pa3mep, nipesbiaromuii 100 HM (Makpockornyeckue Tesa). @nyopodopbl HA OCHOBE KBAHTOBBIX T€TEPOCTPYKTYP aKTUBHO
TIPUMEHSFOTCS B MeZIMLIMHE, OMOJIOr|Y HarprMep, B CHCTeMax MeueHUst ¥ BU3ya/i3aliy OHOIorHyeCKUX 00BeKTOB B TOM UHC/Ie
Tpy 0OHapy>KeHUH U 60pb0e € OTyXO/IeBBIMH K/leTKaMU. Bbigodbl. B jaHHOM 0630pe OrvcaHbl COBpeMeHHbIe TIOAXO0/bl K CHHTe3Y
Y (yHKIIMOHA/MM3aLMM HAHOYaCTHL] Ha OCHOBe TIPUHLIUTIOB «CBEPXY BHU3» U «CHU3Y BBEPX», a TAKXKe MOTeHIUa/IbHbIe MeXaHU3MbI
JeHCTBUSI HAHOUACTHUL] B 3aBUCHMOCTH OT UX MOP(OJIOriH, pasMepa ¥ HOHHOM (aTOMHOH) popmbl. OOCYKAAFOTCS YHUKAIbHbIE
(hbU3MKO-XUMHUeCKHe CBOMCTBA HAHOYACTHLI, 00yC/IOB/IeHHbIe KBAaHTOBBIMU 3¢ (deKTamu pa3Mepa. B cTaTbe onmchIBalOTCS
pa3nuyHble (POPMbI HAHOYACTHL], MEXaHW3MBbI [JeMCTBHsI, MOJIEKY/ISIPHbIe MHUILIEHH, a TAK)Ke MeTO/Ibl CHHTe3a U IIPUMeHeHMs.
OTH acneKThl UMEIOT pellarolijee 3HaUeHHe [/isi IOHMMaHHs POJTH HaHOYacTHUL] B 60pb0e ¢ HH(EKIMAMM U pa3padoTKe HOBBIX
TepareBTHYeCKUX MOZIXO0/I0B, obecrieunBast X MOCTOSHHYO aKTya/llbHOCTh B COBDEMEHHOU HayKe U MeJULFHe.

KnroueBble c/10Ba: HAHOYACTHUIIBI cepeOpa, OGMOLMHBIe CBOMCTBA, aHTUMHKPOOHbIE IOBEPXHOCTH, KBAHTOBO-Pa3MepHbIH
3¢ dekT, omroarHamuue cKrii 3hHeKT, «3eeHas» XUMUs
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Nudopmarnus o puHancupoBanuu. [Ty6mkanys BeinoHeHa B paMkax npoekta Ne 033322-2-000 Cucrembl TpaHTOBOM
IO eP)KKU HayuyHbIX ITpoekToB PYTH.

Bxksapg aBTopoB. AHTOHOB /I.B. — Au3aiiH ucc/iefoBaHus, 00paboTKa MaTepuara, HarrcaHue paboTel; YcreHckas E.B. — au3aiiH
uccaenoBanusi, 00paboTka MaTepuara, HarMcanue paboTsl; Jlesuikasi O.B. — pegaktupoBanye paboTel. Bce aBTOphI BHECN
3HAUUTE/IbHBIA BK/Ia/| B Pa3pab0TKy KOHILIETILIUK U TIOATOTOBKY CTaThU, MPOYXTA/IN W OF0OPHIN OKOHUATe IbHBINM BADUAHT ITepe/]
ny6nmKarpen.
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